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ABSTRACT
An ataxia-telangiectasia mutated (ATM)-dependent
DNA damage signal is amplified through the inter-
action of various factors, which are recruited to the
chromatin regions with DNA double-strand breaks.
Spatial and temporal regulation of such factors
is analysed by fluorescence microscopy in combin-
ation with laser micro-irradiation. Here we describe
a novel and simple technique for micro-irradiation
that does not require a laser source. Cells were
labelled with BrdU for 48–72h, covered with
porous polycarbonate membranes, and exposed to
UVC. All BrdU-labelled cells showed localized foci of
phosphorylated ATM, phosphorylated histone
H2AX, MDC1 and 53BP1 upon irradiation, showing
that these foci were induced irrespective of the
cell-cycle phase. They were also detectable in nu-
cleotide excision repair-defective XPA cells labelled
with BrdU, indicating that the foci did not reflect an
excision repair-related process. Furthermore, an
ATM-specific inhibitor significantly attenuated
the foci formation, and disappearance of the foci
was significantly abrogated in non-homologous
end-joining-defective cells. Thus, it can be con-
cluded that micro-irradiation generated DNA
double-strand breaks in BrdU-sensitized cells. The
present technique should accelerate research in the
fields of DNA damage response, DNA repair and
DNA recombination, as it provides more chances
to perform micro-irradiation experiments without
any specific equipment.
INTRODUCTION
An ataxia-telangiectasia mutated (ATM)-dependent cellu-
lar response to DNA double-strand breaks plays a pivotal
role in maintaining genome integrity (1–5). Upon irradi-
ation, autophosphorylation and monomerization of
ATM proteins occur, and activated ATM phosphorylates
various downstream mediators and eﬀectors, such as
histone H2AX, MDC1, 53BP1 and NBS1. A proper
ATM-dependent DNA damage response requires ampliﬁ-
cation of the damage signal by recruiting the factors to the
site of chromatin with the aid of histone H2AX phosphor-
ylation(6,7).Therecruited factorscreatediscretefociinthe
nuclei, which are detectable under ﬂuorescence microscopy
(8). These foci are often called ionizing radiation-induced
foci (IRIF). The physiological importance of IRIF forma-
tionhas beendemonstratedbyvariousstudies, inwhichthe
cells lacking IRIF factors display a compromised DNA
damage response, as evidenced by deﬁciencies in cell-cycle
arrest and DNA repair (1,2,5,9–11).
Activated ATM mediates the phosphorylation of serine
or threonine residues, which create speciﬁc docking sites
for proteins harbouring FHA and BRCT domains (12). In
particular, phosphorylation of histone H2AX at serine 139
is the primary modiﬁcation, which is essential for persist-
ent recruitment of IRIF factors (13). Furthermore, re-
cruited proteins, including MDC1, NBS1, MRE11 and
53BP1, are also targets for ATM-dependent phosphoryl-
ation, which is required for the sequential protein–protein
interactions involved in IRIF formation (14–19). Thus,
analyses of the dynamics of both recruitment and phos-
phorylation of the IRIF factors are indispensable for a
comprehensive understanding of DNA damage response.
So far, the foci of phosphorylated ATM and its down-
stream factors have been visualized by ﬂuorometric assays
using phospho-speciﬁc antibodies. Recruitment of MDC1
and 53BP1 into the foci is also demonstrated with speciﬁc
antibodies. However, some DNA damage response
factors, like Ku and DNA–PKcs proteins, have never
been found to form foci after conventional irradiation
(20), while phosphorylated DNA–PKcs formed foci
(21,22). It can be postulated that the number of such
DNA repair proteins locally accumulated at the site of
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tection by immunoﬂuorescence technique. Therefore, to
circumvent the problem, localized laser micro-irradiation
of subnuclear regions in combination with halogenated
thymidine analogues has been developed and applied in
recent studies (8,20,23–25).
Since the ﬁrst study using an ultraviolet A (UVA) laser
in combination with BrdU was reported, the UVA lasers
of diﬀerent wavelengths have been used to investigate the
dynamics of DNA damage response and repair factors
(8,14,20,23–25). Moreover, green and near-infrared
lasers, which do not require DNA sensitization, were
used in some studies (26–28). Recently, a comparative
study discussed mechanisms of DNA damage induction
by diﬀerent laser micro-irradiation systems (29). From
these studies, the usefulness of laser micro-irradiation
has already been proved. However, to perform these ex-
periments requires the speciﬁc devices, which are the laser
sources.
While UVA lamps have been used for creating DNA
double-strand breaks (30), it is impossible to generate
localized DNA damage in subnuclear regions without
any focusing units. In this report, we have developed a
novel and simple micro-irradiation technique by
irradiating cells through micro-pore membranes, whose
application has been reported elsewhere (31–33). In
addition, we utilized UVC light from a germicidal lamp,
because UVC is signiﬁcantly more eﬀective than UVA on
photosensitization of BrdU in DNA (30,34). Cells were
labelled with BrdU for 48–72h, covered by micro-pore
membranes, and exposed to UVC light in order to
induce photochemical events leading to DNA
double-strand break. After 1-h incubation, the cells were
ﬁxed and stained with antibody recognizing
phosphorylated histone H2AX at serine 139, whose phos-
phorylation has been treated as a reliable biochemical
marker for DNA double-strand breaks (16,35,36). We
have successfully created localized DNA double-strand
breaks independent of DNA replication and unscheduled
DNA synthesis caused by nucleotide excision repair.
Activation of ATM and recruitment of DNA damage
checkpoint factors including MDC1 and 53BP1 were
also observed.
Our novel technique is a simple and undemanding
method for generating localized DNA double-strand
breaks. It also obviates the need for a true radiation
irradiator to generate DNA double-strand breaks. Thus,
the method should accelerate research in the ﬁelds of
DNA damage response, DNA repair and DNA recombin-
ation without the need of any speciﬁc equipment.
MATERIALS AND METHODS
Cell culture and BrdU labelling
Normal human diploid ﬁbroblast-like (HE49) cells (37)
and the two primary XP-A ﬁbroblasts (XPEMB-1 and
XP2OS) were cultured in MEM supplemented with 10%
fetal bovine serum (TRACE Bioscience PTY Ltd.,
Australia). Chinese hamster ovary (CHO) cells,
Ku80-deﬁcient xrs5 cells and XRCC1-deﬁcient EM9
cells were cultured in a-MEM supplemented with 10%
fetal bovine serum (TRACE Bioscience PTY Ltd.,
Australia). XPEMB-1 (JCRB0325) and XP2OS
(KURB1007) cells were obtained from Japanese
Collection of Research Bioresources (JCRB).
Exponentially growing cells were plated onto sterilized
2222mm cover slips at a density of 510
4 cells per
slip, and the cells were incubated for overnight at 37C
in a 5% CO2 incubator. For BrdU labelling, the culture
medium was replaced by a new medium containing 10mM
BrdU, and they were incubated for further 48–72h. The
ATM kinase activity was inhibited by a speciﬁc inhibitor,
KU55933 and 40mM of KU55933 was administrated
30min before UVC-irradiation. Immediately after irradi-
ation, a fresh medium containing 40mM of KU55933 was
fed, and the cells were cultured at 37C in a 5% CO2 in-
cubator until they were ﬁxed.
Micro-irradiation
Cells were washed with PBS twice, and three-fourth of the
cells were covered by a polycarbonate micro-pore
membrane (Isopore membrane, Millipore, Tokyo). Then,
cells were exposed to UVC light from germicidal lamp
(GL-15, TOSHIBA, Tokyo). Immediately after
exposure, a fresh BrdU-free medium was fed, and the
cells were cultured at 37C in a 5% CO2 incubator for
various time before ﬁxation. The dose rate was 1J/m
2
per second, which was measured by a UV dosimeter
(UVR-1, TOPCON, Tokyo).
Immunoﬂuorescence
Cells cultured on coverslips were ﬁxed with 4% formalde-
hyde for 10min, permeabilized with 0.5% Triton X-100
for 5min, and were washed extensively with
phosphate-buﬀered saline (PBS). Fixation and permeabil-
ization were performed on ice. The primary antibodies
were diluted in 100ml of TBS–DT (20mM Tris–HCl,
pH7.6, 137mM NaCl, containing 50mg/ml skim milk
and 0.1% Tween-20), and the antibodies were applied
on the coverslips. The samples were incubated for 2h in
a humidiﬁed CO2 incubator at 37C. Then, the primary
antibodies were washed with PBS, and Alexa488-labelled
anti-mouse or Alexa594-labelled anti-rabbit IgG
antibodies (Molecular Probes, Inc., OR) were added.
The coverslips were incubated for 1h in a humidiﬁed
CO2 incubator at 37C, washed with PBS, and counter-
stained with 0.1mg/ml of DAPI. The samples were
examined with a F3000B ﬂuorescence microscope (Leica,
Tokyo). Digital images were captured and the images were
analysed by FW4000 software (Leica, Tokyo). In order to
quantify the ﬂuorescence intensity, green dot-like signals
were marked, and the sum of the pixel intensity within the
marked area was calculated by FW4000 software. The
primary antibodies used in this study were mouse
anti-phosphorylated histone H2AX at serine 139 mono-
clonal antibody (clone 2F3, BioLegend, San Diego, CA),
rabbit anti-phosphorylated histone H2AX at serine 139
polyclonal antibody (A300-081A, BETHYL, Montgom-
ery, TX), mouse anti-phosphorylated ATM at serine
1981 monoclonal antibody (Clone 10H11.E12,
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clonal antibody (IHC-00075, BETHYL, Montgomery,
TX), rabbit anti-53BP1 polyclonal antibody (A300-
272A, BETHYL, Montgomery, TX), mouse anti-RAD51
monoclonal antibody (Clone 14B4, GeneTex, Irvine, CA),
mouse anti-(6-4) photoproducts monoclonal antibody
(Clone 64M-2, Cosmo Bio, Tokyo), mouse anti-
cyclobutane pyirimidine dimers monoclonal antibody
(Clone TDM-2, Cosmo Bio, Tokyo), rabbit anti-
XRCC-1 polyclonal antibody (NB110-38896, NOVUS,
CO), and mouse anti-replication protein A (RPA) mono-
clonal antibody (Ab-3, Oncogene Research Products,
Boston, MA).
RESULTS
Induction of localized DNA damage with micro-pore
membrane
Exponentially growing normal human cells were
cultured in the presence of 10mM BrdU for up to 72h.
While 60% of cells were BrdU-positive at 24h, only
one-third of them showed strong BrdU-signal
(Supplementary Figure S1 and Supplementary Table S1).
In contrast, 60 and 90% of cells were labelled with BrdU
at 48 and 72h, respectively, and most of them showed
strong BrdU-signal. Therefore, in the following experi-
ments, we incubated cells with BrdU for 48–72h before
UVC irradiation. As shown in Figure 1A, BrdU labelling,
by itself, did not cause phosphorylation of histone H2AX.
No apparent growth retardation and cell death was
induced by prolonged BrdU treatment, however, slight
increase of cells with phosphorylated H2AX foci was
observed in cells treated for 72h (Supplementary Figure
S2 and Supplementary Table S2). Phosphorylated H2AX
foci were colocalized with those of 53BP1. Without BrdU
labelling, a diﬀused phosphorylation signal throughout
the nucleus was observed only in the S-phase cells after
exposure of cells to 30J/m
2 of UVC without micro-pore
membrane (Figure 1B). When the non-labelled cells were
covered with micro-pore membrane, UVC irradiation
(30J/m
2) induced weak dot-like signals, but these were
observed only in RPA-positive S-phase cells (Figures 1C
and 2A). BrdU labelling signiﬁcantly increased the sig-
nal intensity of H2AX phosphorylation in all of the
BrdU-positive cells exposed to 30J/m
2 of UVC, as
shown in Figure 1D. With the porous membrane, such
signals were localized within a part of the nucleus, and
the nuclear subregions corresponding to the pores de-
veloped localized phosphorylation of histone H2AX
(Figure 1E–K).
Localized phosphorylation of histone H2AX was
intensiﬁed by increasing the UVC dose, as shown in
Figure 1E–H. Cells exposed to 5J/m
2 developed phos-
phorylation signals, but they were rather dispersed. The
signals became stronger as increasing the UVC dose. Foci
ABC D
EFG H
IJ K
Figure 1. Induction of DNA double-strand breaks by local micro-irradiation. Exponentially growing normal human diploid cells were incubated for
72h with (A, D–K) or without (B and C)1 0 mM BrdU. After UVC irradiation, cells were incubated for 30min, ﬁxed with 4% formaldehyde,
permeabilized with 0.5% Triton X-100, and incubated with anti-phosphorylated histone H2AX at serine 139 as described in ‘Materials and Methods’
section. The primary antibody was detected by Alexa488-conjugated anti-mouse IgG antibody. (A) Unirradiated cells. (B–D); Cells were exposed to
30J/m
2 of UVC with (C) or without (B and D) 5-mm pore membrane. (E–H); Cells were exposed to various doses of UVC with 5-mm pore
membrane. (E) 5J/m
2,( F) 10J/m
2, (G) 20J/m
2, (H) 30J/m
2. (I-K); Cells were exposed to 30J/m
2 of UVC through membranes with diﬀerent
pore sizes. (I)2 - mm pore membrane. (J)3 - mm pore membrane. (K) 5-mm pore membrane. Bar indicates 2mm.
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2 were dense and showed strong ﬂuor-
escence, and UVC doses higher than 30J/m
2 showed no
signiﬁcant change in the foci. Therefore, in most of the
experiments, the cells were exposed to 30J/m
2. While the
number and size of foci varied dependent upon the pore
size of the membranes (Figure 1I and K), in most of
the experiments, we used membranes with 5mm pores
(Figure 1K), and the average number of ﬂuorescence
foci per nucleus was 1.4.
DNA replication-independent induction of DNA damage
Since UVC-induced DNA photoproducts arrest DNA
replication, which result in the induction of DNA
double-strand breaks, cell-cycle dependent foci formation
was determined. Because cells were continuously labelled
with BrdU, cells in the S phase at the time of examination
were visualized by anti-RPA antibody. Without BrdU
labelling, UVC-induced foci were detected in 32.7% of
cells (Table 1), and all of the foci-positive cells were
RPA-positive (Figure 2A), conﬁrming that only cells in
the S phase developed foci. In contrast with BrdU
labelling, 88% of BrdU-positive cells were foci-positive
upon UVC irradiation. Among foci-positive cells, 61% of
cells were RPA-negative (Table 1 and Figure 2B). These
results indicate that BrdU labelling sensitizes cells in every
cell-cycle phase. DNA replication-independent foci
formation was further conﬁrmed in density-inhibited
cells and the G1-phase cells obtained by mitotic
shake-oﬀ method (Supplementary Table S3). In both
cases, most of the foci-positive cells were RPA-negative,
indicating that UVC-induced foci were dependent on
BrdU labelling but independent of DNA replication.
Determination of DNA double-strand break induction
Exposure of BrdU-labelled cells to UVC in combination
with micro-pore membrane developed localized foci of
phosphorylated histone H2AX. Although several
previous studies have shown that phosphorylated histone
H2AX foci were reliable surrogate marker for DNA
double-strand breaks, it needs to be determined whether
or not the phosphorylated histone H2AX foci obtained
in this study represent DNA double-strand breaks. In
Figure 3, we check colocalization of other DNA damage
checkpoint factors that form colocalized foci with those
of phosphorylated histone H2AX. We found that
phosphorylated ATM foci and the foci of MDC1,
53BP1 and RAD51 were colocalized with those of
phosphorylated histone H2AX. Furthermore, the cells
treated with a speciﬁc ATM inhibitor signiﬁcantly
abrogated the foci formation of phosphorylated histone
H2AX (Figure 4), suggesting that the UVC-induced foci
contain DNA double-strand breaks.
H2AX p RPA Merge
A
B
Figure 2. Cell-cycle dependent foci formation by UV micro-irradiation. Exponentially growing normal human diploid cells were incubated for 72h
with (B) or without (A)1 0 mM BrdU. Cells were washed with PBS and exposed to 30J/m
2 of UVC through 5-mm pore size membrane. Then, they
were incubated for 30min, ﬁxed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, and incubated with rabbit anti-phosphorylated
histone H2AX at serine 139 and mouse anti-RPA antibodies, which were detected by Alexa594-conjugated anti-rabbit IgG antibody and
Alexa488-conjugated anti-mouse IgG antibody, respectively. Bar indicates 2mm.
Table 1. Foci formation in RPA-positive cells
No. cells counted No. of cells (%)
RPA+ Foci+ Foci+/RPA+ RPA+/Foci+
Without BrdU 3471 1261 (36.3) 1135 (32.7) 1135/1261 (90.0) 1135/1135 (100)
With BrdU 3527 1352 (38.3) 3101 (87.9) 1203/1352 (88.9) 1203/3101 (38.8)
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Figure 3. Colocalization of DNA damage checkpoint factors. Exponentially growing normal human diploid cells were incubated for 72h with 10mM
BrdU. Cells were washed with PBS and exposed to 30J/m
2 of UVC through 5-mm pore size membrane. Then, they were incubated for 30min, ﬁxed
with 4% formaldehyde, permeabilized with 0.5% Triton X-100, and incubated with various antibodies as indicated. Bar indicates 2mm.
No UV UV UV+KU
Figure 4. Eﬀect of ATM inhibitor on foci formation by UV micro-irradiation. Exponentially growing normal human diploid cells were incubated for
72h with 10mM BrdU. Cells were treated with 40mM of KU55933 for 30min before exposure to UVC (UV+KU). They were washed with PBS and
exposed to 30J/m
2 of UVC through 5-mm pore size membrane (UV and UV+KU). Then, they were incubated for 30min, ﬁxed with 4% formal-
dehyde permeabilized with 0.5% Triton X-100, and incubated with mouse anti-phosphorylated histone H2AX at serine 139. (No UV) Mock
irradiated. Bar indicates 2mm.
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excision repair mediates the phosphorylation of histone
H2AX in response to UV irradiation (38). As reported
previously (31–33), we conﬁrmed the localized formation
of the cyclobutane pyrimidine dimer (CPD) and the (6-4)
photoproduct after micro-irradiation (Supplementary
Figure S3). Therefore, the involvement of nucleotide
excision repair in foci formation was examined by using
XPA cells defective in nucleotide excision repair. Without
BrdU labelling and micro-pore membrane, XPA cells
showed phosphorylated histone H2AX signals only in
the S phase; the results were comparable to those
obtained in normal human cells. With BrdU labelling
and micro-pore membrane, we detected the localized
foci, and there was no diﬀerence in the frequency of
foci-positive cells between normal human diploid cells
and two XPA ﬁbroblasts (Table 2). Thus, it was indicated
that the observed foci did not reﬂect nucleotide excision
repair but rather reﬂected subnuclear regions containing
DNA double-strand breaks.
Repair of BrdU/UVC-induced DNA double-strand
breaks
Repair of DNA double-strand breaks by UVC in combin-
ation with BrdU labelling was examined. While phosphor-
ylation of histone H2AX could be detected a few minutes
after exposure (Supplementary Figure S4), foci cor-
responding to pore size became clear by 0.5h after
exposure, and the maximum ﬂuorescence was observed
1h after UVC irradiation (Figure 5). Then, the foci inten-
sity gradually decreased concomitant with the decrease in
size. Because the localized foci comprised numerous tiny
foci, multiple DNA double-strand breaks are included in
the localized foci. As it was not possible to count the exact
number of foci in order to evaluate DNA repair, we used
the ﬂuorescence intensity of the localized foci, which could
be equivalent to the total number of tiny foci consisting of
localized foci (Figure 6). The maximum ﬂuorescence in-
tensity was observed 1h after UVC-irradiation, and ac-
cording to the total ﬂuorescence intensity, the amount of
DNA double-strand breaks in one localized focus induced
by 30J/m
2 of UVC was estimated to be equivalent to that
induced by 2Gy of X-rays. The ﬂuorescence intensity was
then decreased, and we found that the kinetics was almost
the same between normal human cells and the two
primary XPA cells (Figure 6A). Because the repair
kinetics in cells exposed to 30J/m
2 was much slower
than expected, it was also examined in cells exposed to
10 or 20J/m
2 of UVC. As shown in Figure 6B, repair
kinetics was dose-dependent, and the intensity returned
to the control level much faster in cells exposed to lower
No UV 0.5 hr 1 hr
2 hr 4 hr 6 hr
8 hr 12 hr 24 hr
Figure 5. Time-dependent foci formation after UV micro-irradiation. Exponentially growing normal human diploid cells were incubated for 72h
with 10-mM BrdU. They were washed with PBS, exposed to 30J/m
2 of UVC through 5-mm pore size membrane, and incubated for various time after
exposure as indicated. Then, they were ﬁxed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, and incubated with mouse
anti-phosphorylated histone H2AX at serine 139. Bar indicates 2mm.
Table 2. Foci formation in XPA ﬁbroblast cells
Cells Total no. cells
counted
No. of foci-positive
cells (%)
HE49 3121 2835 (90.8)
XP2OS 3397 2805 (82.6)
XPEMB-1 3019 2759 (91.4)
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CHO, xrs5 and EM9 cells exposed to 10 or 20J/m
2 of
UVC (Figure 6C and D). Ku80-null xrs5 cells are hyper-
sensitive to DNA double-strand breaks because of its
defect in non-homologous end-joining repair, while EM9
cells are defective in single-strand break repair. As
expected, the foci were eﬃciently repaired in CHO cells,
whereas it was signiﬁcantly compromised in xrs5 cells.
EM9 cells showed little or no defect in foci repair.
DISCUSSION
DNA double-strand breaks are the lesions that show det-
rimental eﬀects on cells exposed to ionizing radiation.
Therefore, cells have evolved sophisticated systems for
recognizing and responding to DNA double-strand
breaks. ATM plays a central role in the DNA damage
response, and its phosphorylation of various downstream
mediators and eﬀectors is crucial for the cellular response
to DNA double-strand breaks (1–5). Phosphorylation-
dependent recruitment of DNA damage checkpoint
factors is indispensable for proper transduction of DNA
damage signals, and it is the reason why so many studies
have focused on the spatiotemporal dynamics of DNA
damage checkpoint factors (6–11).
Although conventional irradiation has revealed the for-
mation of IRIF, which represent the accumulation of such
factors, it could not be applied to factors whose molecular
numbers were not suﬃcient for detection by the immuno-
ﬂuorescence method. Thus, several micro-irradiation tech-
niques, which create localized DNA double-strand breaks
in a deﬁned area, have been developed to circumvent this
problem (8,14,20–28). Various laser micro-irradiation
systems have been applied to investigate the dynamics of
DNA damage response and repair factors. While these
micro-irradiation systems are very useful for studying
the spatiotemporal dynamics of DNA damage repair
and checkpoint factors, they require laser sources.
Therefore, in the present study we have developed a
novel system for micro-irradiation using conventional
UVC lamps.
The induction of DNA double-strand breaks by UVC
irradiation in combination with halogenated nucleotide
analogues such as BrdU was described several decades
ago (34). More recently, exposure of BrdU-labelled mam-
malian cells to UVA in the presence of Hoechst dye has
been described (30). The mechanism of sensitization of
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Figure 6. Repair of DNA double-strand breaks induced by UV micro-irradiation. (A) Exponentially growing normal human diploid cells (ﬁlled
circle) and primary XPA ﬁbroblasts (open circle; XPEMB-1, open triangle; XP2OS) were incubated for 72h with 10mM BrdU. They were washed
with PBS, exposed to 30J/m
2 of UVC through 5mm pore size membrane, and incubated for various time after exposure. (B) Exponentially growing
normal human diploid cells were incubated for 72h with 10mM BrdU. They were washed with PBS, exposed to 10J/m
2 (open diamond), 20J/m
2
(open inverted triangle), or 30J/m
2 (ﬁlled circle) of UVC through 5-mm pore size membrane, and incubated for various time after exposure. (C)
Exponentially growing CHO (ﬁlled circle), xrs5 (open circle) and EM9 (ﬁlled diamond) cells were incubated for 48h with 10mM BrdU. They were
washed with PBS, exposed to 20J/m
2 of UVC through 5-mm pore size membrane, and incubated for various time after exposure. (D) Exponentially
growing CHO (ﬁlled circle), xrs5 (open circle) and EM9 (ﬁlled diamond) cells were incubated for 48h with 10mM BrdU. They were washed with
PBS, exposed to 10J/m
2 of UVC through 5mm pore size membrane, and incubated for various time after exposure. The cells were ﬁxed with 4%
formaldehyde, permeabilized with 0.5% Triton X-100, and incubated with mouse anti-phosphorylated histone H2AX at serine 139. Digital images
were captured, green dot-like signals were marked, and the sum of the pixel intensity within the marked area was measured by FW4000 software.
Average ﬂuorescence intensity was obtained from 500 dot-like signals, and average ﬂuorescence intensity at each time point was divided by that of
the mock irradiated cells to calculate relative ﬂuorescence intensity.
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and it was postulated that the primary photochemical
reaction dissociates BrdU to 5-uracilyl free radical and
the bromine free radical, in which the former creates a
single-strand break in the cis-strand and the latter
creates a single-strand break in the complementary
strand (34). Thus, it is expected that BrdU in both
strands are not always necessary for creating DNA
double-strand breaks. In fact, cells incubated with BrdU
for 24h were already predisposed to UV-induced DNA
double-strand breaks and they could induce localized
damage, although the frequency of cells with foci was
lower than cells treated for 48 or 72h. Because the
doubling time of the cells used in this study is approxi-
mately 24h, BrdU is incorporated into a single-strand
only, conﬁrming that photochemical dissociation of
BrdU to 5-uracilyl free radicals and the bromine free
radicals could be the primary cause leading to DNA
double-strand breaks. This conclusion was further sup-
ported by the experiment, in which L-ascorbic acid phos-
phate magnesium salt (APM), a potent radical scavenger,
decreased UVC-induced foci formation (Supplementary
Table S1).
Because UVC is more eﬀective than UVB or UVA lights
in photo-activating BrdU (34), we applied UVC light from
a conventional germicidal lamp. It is well established that
exposure of cells to UVC light induces photoproducts
including CPDs and (6-4) photoproducts (Supplementary
Figure 3S) (39–46). It was reported that such UV-induced
DNA damage resulted in DNA replication arrest in the S
phase, by which ATR-dependent phosphorylation of
histone H2AX was stimulated (47–49). Furthermore,
another study demonstrated that nucleotide excision
repair, which is involved in the repair of UV-induced
DNA damage, induced phosphorylation of histone
H2AX in the G1 phase (38). Therefore, it needed to be
determined whether or not the localized foci of phosphor-
ylation of histone H2AX reﬂected DNA double-strand
breaks caused by UVC irradiation in combination with
BrdU. We ﬁrst conﬁrmed that the localized foci were
solely induced in cells labelled with BrdU. While we
detected BrdU-independent foci in S-phase cells
(Figures 1 and 2), there was no localized foci in G1 and
G2 cells without BrdU labelling. In addition, as shown in
Figure 3, all of the well-known DNA damage checkpoint
factors, which accumulated in the chromatin regions con-
taining DNA double-strand breaks, were recruited to
the foci of phosphorylated histone H2AX. It was also
conﬁrmed that the foci formation depended on ATM
activity, which is activated in response to DNA
double-strand breaks (50). The localized foci were
formed independently of nucleotide excision repair, since
foci formation was completely normal in the two primary
XPA cells that lack nucleotide excision repair (Table 1).
Furthermore, we found that disappearance of the foci was
signiﬁcantly abrogated in NHEJ-deﬁcient cells but not in
single-strand break repair-deﬁcient cells (Figure 6C).
Considering these results together, it is quite reasonable
to conclude that the localized phosphorylated histone
H2AX foci observed in this study represent DNA
double-strand break formation.
Although conventional whole-cell UVC irradiation with
above 20J/m
2 induced apoptotic response in unlabelled
cells, apoptosis-related DNA fragmentation became
obvious at least 18h after exposure and apoptosis-positive
cells were not so frequent (Supplementary Table S4). In
contrast, the localized foci are detectable even 0.5h after
micro-irradiation and approximately 90% of cells were
foci-positive. Furthermore, our time course experiments
in Figure 5 demonstrated that no apoptotic DNA frag-
mentation was observed in cells micro-irradiated in com-
bination with BrdU labelling. Therefore, we concluded
that the observed signals do not reﬂect apoptotic response.
As shown in Figure 6B, we noticed that disappearance
of foci was delayed in cells exposed to 30J/m
2 of UVC.
According to our estimation, the number of DNA
double-strand breaks per spot induced by 30J/m
2 of
UVC was equivalent to that induced by 2Gy of X-rays.
Therefore, it was highly possible that nuclear sub-region
exposed to micro-irradiation induced clustered DNA
damage. In fact, we observed that the localized foci
started from the cluster of tiny foci (Supplementary
Figure S4). Then, each focus grew in size that ﬁnally
made localized and discrete foci at 0.5h after exposure.
Such clustered DNA double-strand breaks were often
reported in cells receiving high-LET radiation (51,52). It
should be mentioned that clustered damage was refractory
to DNA repair but the repair kinetics did not show such a
long delay as observed in the present study (53,54).
Therefore, it was suggested that micro-irradiation with
higher UVC doses created densely clustered damage or
compound damage at localized chromatin regions. In
fact, repair of foci was much eﬃcient in cells when they
were exposed to lower UVC doses. Thus, diﬀerent UVC
doses could regulate the density of DNA double-strand
breaks in a deﬁned area.
Recently, diﬀerent types of micro-irradiation systems
have been developed (55). The most specialized technol-
ogy is undoubtedly focal irradiation of cell nuclei by soft
X-rays, charged particles or heavy ions (56–59). However,
a very limited number of laboratories have access to this
technology. Lately, microscope systems equipped with
laser beam sources have been applied for this purpose,
and several laboratories have been able to introduce the
micro-irradiation systems. However, there remain some
diﬃculties in their availability for individual experiments.
Here, our simple system needs no special facilities or costly
equipment, and enables micro-irradiation experiments
without any speciﬁc knowledge of laser devises. The dis-
advantage is that UVC irradiation by itself creates
UV-induced DNA damage, such as CPDs and (6-4)
photoproducts. However, simple experiments, in which
cells are exposed to UVC without BrdU labelling, can
separate the eﬀects of UV-induced DNA damage from
those induced by DNA double-strand breaks. It has
been pointed out that similar problems exist in other
micro-irradiation systems (55). For example, several
studies have shown that UVA lasers with BrdU labelling
not only cause DNA double-strand breaks but also induce
UV-induced DNA damage (28,29). Furthermore,
single-strand breaks and oxidative base modiﬁcation
were generated concurrently with this DNA damage
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factors involved in the recognition and repair of such
damage are recruited to the sites of local irradiation
(60–63). Therefore, in any experiments, such combined
induction of diﬀerent types of DNA damage should
always be considered in drawing a conclusion.
The micro-irradiation described here is a novel method
and simple to use. However, a couple of points regarding
the experimental conditions should be considered before
the experiments are replicated. One is about the UVC dose
for micro-irradiation. Although in the current conditions
we never detected the signal of nucleotide excision
repair-coupled phosphorylation of histone H2AX in the
G1 or G2 phase (Figure 1B and C), micro-irradiation of
cells with 100J/m
2 of UVC or 40J/m
2 UVC exposure to
quiescent cells reported to visualize phosphorylation
signals without BrdU-labelling (38,64). Therefore, opti-
mization of the irradiation protocol has to be done care-
fully before the experiments are started. A previous study
using micro-pore membrane reported the localized forma-
tion of UV-induced DNA damage (31–33). The number of
damage foci per nucleus was increased as the membrane
pore size decreased. This is because the frequency of pores
varies depending on the pore size. We also observed pore
size-dependent increased numbers of foci per nucleus, as
shown in Figure 1I and K. However, membranes with less
than 2mm pore size did not create discrete foci but induce
rather diﬀused foci. Therefore, membranes with a pore
size more than 3mm are recommended for local irradi-
ation. The third point is about the optimal concentration
of BrdU. In this study, we used 10mM of BrdU, but in the
literature, concentrations between 0.4 and 10mM of BrdU
have been used. The growth of our cells did not show any
adverse eﬀect with 10mM of BrdU, but cells with diﬀerent
thymidine pool sizes may respond diﬀerently. Therefore,
the optimal concentration of BrdU should be determined
carefully. It was also presumed that prolonged treatment
of cells with BrdU may cause adverse eﬀects. In fact,
BrdU treatment slightly increased spontaneous frequency
of foci (Supplementary Figure S2 and Supplementary
Table S2). Thus, the condition of BrdU treatment has to
be carefully determined before experimentations
There are urgent needs to study the spatiotemporal
dynamics of proteins involved in DNA damage response
and DNA repair. Our novel technique is a simple and
undemanding micro-irradiation method, which does not
require laser sources. It also obviates the need for a true
radiation irradiator to generate DNA double-strand
breaks. Although the experimental conditions have to be
optimized cautiously with verifying the formation of DNA
double-strand breaks, our novel technique should acceler-
ate research in the ﬁelds of DNA damage response, DNA
repair and DNA recombination without the need to use
any speciﬁc equipment.
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